We investigated the association between sympathetic nerve activity and delayed rectifier potassium current (I K ) in hypertrophic rat hearts. Left ventricular hypertrophy was induced by a 50% constriction of suprarenal abdominal aorta for 6 weeks. The effects of isoproterenol on action potential duration (APD), I K , and L-type calcium current (I Ca ) were investigated using the whole-cell patch clamp technique. In hypertrophic rats, I K was decreased by 28.2%, resulting in significant APD 90 (90% repolarization) prolongation (sham: 55 ± 3.9, hypertrophy: 98 ± 11 ms, P = 0.01). Isoproterenol (100 nM)-stimulated I K was increased by 54.9% ± 0.10% in sham-operated rats, but not in hypertrophic rats. On the other hand, isoproterenol increased I Ca in both sham-operated (77.7% ± 7.6%) and hypertrophic rats (69.6% ± 9.7%). Consequently, isoproterenol prolonged further APD in hypertrophic rats (98 ± 11 vs. 145 ± 8.6 ms, P < 0.01), but not in sham-operated rats (55 ± 3.9 vs. 61 ± 5.6 ms, n.s.). Forskolin (1 μM, an adenylyl cyclase stimulator) did not enhance I K in hypertrophic rats, but IBMX (100 μM, a nonselective phosphodiesterase inhibitor) enhanced the current (30.2 ± 0.05%), as much as in sham-operated rats. We concluded that in hypertrophic hearts, I K was not increased by isoproterenol because of the enhanced activity of phosphodiesterase, which leads to excessive APD prolongation.
It is well accepted that hypertrophic hearts are associated with lethal ventricular arrhythmia [1] [2] [3] , and one of the causes is the prolongation of action potential duration (APD) [4] . The delayed rectifier potassium current (I K ) is a major outward current responsible for ventricular cell repolarization [5] . Thus a lack or a decrease of this current causes APD prolongation, which leads to lethal ventricular arrhythmia, as reported in the patients of long QT syndrome [6] .
Enhanced sympathetic nerve activity is also important in the generation of ventricular arrhythmia, which often leads to sudden cardiac death [7, 8] . The stimulation of β-adrenergic pathway by sympathetic nerve activation enhances L-type calcium current (I Ca ), which induces calcium release from the sarcoplasmic reticulum [9] . The resultant calcium overload in the cytosol is one of the reasons for arrhythmogenesis under the increased sympathetic nerve activity [10] . In contrast, I K is also enhanced by β-adrenergic receptor stimulation and prevents excessive APD prolongation induced by I Ca activation [11, 12] . Although such a beneficial effect of I K needs to be further elucidated, little is known about the regulatory mechanisms of I K in hypertrophic hearts.
In this study, we evaluated the electrophysiological characteristics of I K in hypertrophic rat hearts caused by pressure overload and its regulation by β-adrenergic stimulation in comparison with I K in normal hearts. Because I K was reported to be composed of at least 3 components [e.g., fast (I Kr ), slow (I Ks ), and sustained (I sus )] [13, 14] , each component was separated pharmacologically to investigate the reaction of individual components to β-adrenergic stimulation.
METHODS
Animal model. Eight-week-old Wistar male rats were used for the experiments. All procedures were approved in accordance with the guidelines for animal care prescribed by the Kyoto Prefectural University of Medicine. Left ventricular hypertrophy was induced by aortic banding after being anesthetized intraperitoneally with pentobarbital sodium (35 mg/kg). The abdominal aorta between the diaphragm and the renal artery was partially constricted with a clamp occluder (MT Giken, Tokyo, Japan), which produced approximately 50% stenosis of the aortic diameter. Sham-operated rats underwent a similar surgical procedure without aortic banding.
Six weeks after surgery, the rats were anesthetized by an intraperitoneal injection of pentobarbital sodium (35 mg/kg). A Mikro-Tip catheter (Millar Instruments, Houston, TX, USA) was inserted from a carotid artery to measure blood pressure and heart rate. The degree of left ventricular hypertrophy was evaluated as the heart-to-bodyweight ratio.
Cell isolation. After completion of the hemodynamic measurements, the heart was quickly removed and placed on a Langendorff apparatus. The aorta was cannulated and retrogradely perfused for 5 min with calcium-free solution containing (mM) NaCl 126, KCl 4.4, MgCl 2 5.0, NaH 2 PO 4 1.0, taurine 20, creatine 5.0, pyruvic acid sodium salt 5.0, HEPES 24, and glucose 22 (pH 7.2 adjusted with NaOH), then with 0.05 mM calcium solution containing collagenase (Sigma type H, 0.5 mg/ml) and protease (Sigma type 14, 0.1 mg/ml) for 8-9 min, and then with 0.1 mM calcium solution for 5 min to wash out the enzymes. All solutions were bubbled with 100% O 2 and kept at 37°C. After perfusion, the free wall of the left ventricle was separated for use. In this study, we used only the midmyocardial layer because a regional difference of the potassium channel was known to exist [15] . The tissue was minced in the 0.1 mM calcium solution and gently shaken at 37°C for 10 min. The cells were stored at room temperature in 1.0 mM calcium solution and used for experiments within 6 h after cell isolation.
Solutions. The composition of the normal Tyrode solution was (mM) NaCl 135, KCl 5.4, MgCl 2 1, NaH 2 PO 4 0.33, CaCl 2 1.8, HEPES 10, and glucose 10 (pH 7.4 adjusted with NaOH). For all the experiments of this study, the cells were perfused with the normal Tyrode solution. Nifedipine (5 μM) was added to the external solution to eliminate I Ca for I K recording protocols. The composition of the pipette solution was (mM) potassium asparatate 125, KCl 25, Na 2 ATP 5, MgCl 2 1, HEPES 5, and EGTA 10 (pH 7.3 adjusted with KOH).
Electrophysiological measurements and data analysis.
The cell suspension was placed on the stage of an inverted microscope (IMT-2, Olympus, Tokyo, Japan). Clear striated rod-shaped cells without spontaneous contractions were used for whole-cell patch clamp experiments. The pipettes were pulled from silicate glass (GD-1.5, Narishige, Tokyo, Japan), using a puller (PP-83, Narishige, Tokyo, Japan). The pipette resistance was 3-5 MΩ after filled with the pipette solution. Cell capacitance was measured by the integration of capacitive currents, which was obtained in small steps from a holding potential of -5 mV. Action potentials (AP) were recorded in the current-clamp mode and elicited by the application of a rectangular pulse for 15 ms.
The I K activation time course in rat ventricular myocytes activates rapidly and inactivates slowly until a steady state is reached [15] .) Therefore in this study, I K was measured during the last 500 ms of the voltage pulses as the steady-state current, which was activated by applying voltage clamp steps for 5 s from a holding potential of -80 mV to voltages ranging from -30 mV to 60 mV in steps of 10 mV. Each voltage pulse was preceded by a depolarization to -40 mV for 50 ms to inactivate the sodium current. Because two major components of I K had been identified (I Kr and I Ks ), a selective blocker of each current (E-4031 and chromanol 293B, respectively) was used to separate them from I K . To rule out the possibility that the measured currents were contaminated with transient outward current (I to ) and chloride current (I Cl ), 4-aminopyridine and 4,4'-diisothiocyanato-stilbene-2,2'-disulfonic acid (DIDS) were used to block each current pharmacologically. The current other than I Ks , I Kr , I Cl , and I to was regarded as sustained current (I sus ) [15] . In some experiments investigating the intracellular signaling pathway for I K activation, isoproterenol, forskolin, 3-isobutyl-1-methylxanthine (IBMX), 8-bromo cAMP, and adenosine 5'-[g-thio] triphosphate (ATPγS) were used. Forskolin and IBMX were added to the external solution, and 8-bromo cAMP and ATPγS were added to the pipette solution.
I Ca was measured by applying voltage clamp steps for 300 ms from a holding potential of -80 mV to voltages ranging from -40 mV to 55 mV in steps of 5 mV. The conductance (g Ca ) was calculated from this equation:
E Rev is the reversal potential for calcium, which was obtained from the extrapolated I-V relationship curve. Steady-state activation curves were obtained by plotting g Ca /max g Ca against each amplitude and fitting them to the Boltzmann equation. Each voltage pulse was preceded by a depolarization to -40 mV for 50 ms to inactivate the sodium current.
All experiments were performed at room temperature. Membrane currents were recorded with a patch clamp amplifier (CEZ-2200, Nihon Kohden, Tokyo, Japan). Analyses were performed using pCLAMP 9.0 software (Axon Instruments, CA, USA). The results were presented as mean ± SEM. Statistical analyses were based on a Student's t-test, and a value of p < 0.05 was considered statistically significant.
Materials. Collagenase, protease, forskolin, IBMX, 8-bromo cAMP, ATPγS, 4-aminopyridine, and DIDS were purchased from Sigma (St. Louis, MO, USA); E-4031 was purchased from Wako Chemical (Osaka, Japan); and chromanol 293B was gifted by Dr. Lang (Aventis Pharma). All other chemicals were purchased from Nacalai Tesque (Kyoto, Japan). Isoproterenol was dissolved in distilled water containing 1 mg/ml ascorbic acid. Forskolin, IBMX, DIDS, and chromanol 293B were dissolved in dimethyl sulfoxide (DMSO). The final concentration of DMSO was less than 0.01%, which had no electrophysiological effects. Table 1 shows the physiological and hemodynamic characteristics of sham-operated and pressure-overloaded rats. Aortic banding for 6 weeks successfully elevated both systolic and diastolic blood pressures. The heart-tobody-weight ratio was significantly larger in pressureoverloaded rats than in sham-operated rats (P < 0.001). The cell capacitance of pressure-overloaded rats was significantly increased compared with that of sham-operated rats (229 ± 4.0 pF, n = 212 cells from 25 rats, vs. 201 ± 3.5 pF, n = 202 cells from 23 rats, P < 0.001). These data showed that the hearts from pressure-overloaded rats exhibited myocardial hypertrophy. No pressure-overloaded rats had pleural or peritoneal effusion, and no significant difference was observed in the lung weight between pressure-overloaded and sham-operated rats, indicating that pressure-overloaded rat hearts were not failing. Figure 1A shows the representative I K activation time courses recorded from myocytes isolated from hypertrophic and sham-operated rats. In hypertrophic rats, I K amplitudes were smaller than those in sham-operated ones at all voltage steps. Figure 1B shows an I-V relationship of I K in hypertrophic and sham-operated rats. I K was significantly decreased in hypertrophic rats at any given membrane voltages. For example, at -30 and +60 mV, I K was reduced by -46.7% and -28.2%, respectively. DIDS and 4-aminopyridine only slightly reduced I K both in sham-operated and hypertrophic rats, indicating that the influences of I to and I Cl were negligible.
RESULTS

Characteristics of hypertrophy
I K in hypertrophic rats
Effects of β-adrenergic stimulation on I K and its signaling pathway in hypertrophic rats Figure 2 shows the effects of β-adrenergic stimulation on I K in both sham-operated and hypertrophic rats. In the presence of isoproterenol (100 nM), I K was increased in sham-operated rats (54.9% ± 0.10% at +60 mV, P < 0.001), but no clear effect was seen in hypertrophic rats. These results suggest that hypertrophic development blunts I K enhancement by isoproterenol. To clarify the mechanisms of a decreased responsiveness of I K to isoproterenol in hypertrophic rats, we examined the β-adrenergic stimulation cascade, using forskolin (1 μM, an adenylyl cyclase stimulator), IBMX (100 μM, a non selective phosphodiesterase inhibitor), 8-bromo cAMP (50 μM, a membrane-permeable cAMP analog), and ATPγS (1 mM, a non hydrolyzable ATP analog). As shown in Fig. 3 , A-D, all of these chemicals enhanced I K in sham-operated rats. In hypertrophic rats, IBMX, 8-bromo cAMP, and ATPγS enhanced I K by 30.2% ± 0.05%, 32.2% ± 0.11%, and 39.7% ± 0.10% at +60 mV, respectively, with a magnitude similar to sham-operated rats. However, isoproterenol and forskolin did not increase I K .
Because I K was known to be composed of at least 3 components (I Kr , I Ks , and I sus ) [13, 14] , a selective blocker of each current was used to investigate which component was more affected by β-adrenergic stimulation. First of all, the amplitudes of I Kr and I Ks were investigated both in sham-operated and hypertrophic rats, using E-4031 (5 μM) and chromanol 293B (30 μM) in our rat model. In the sham-operated and hypertrophic rats, I K was reduced by 24.3% ± 0.07% and 25.5% ± 0.02% at +60 mV with chromanol 293B, respectively, compared to control. After the exposure to E-4031, I K was reduced by 11.6% ± 0.02% in sham-operated rats, though only by 2% ± 0.02% in hypertrophic rats. These data suggest that in sham-operated rats I Kr and I Ks existed functionally (I Kr < I Ks ) but in hypertrophic rats I Kr was downregulated.
In this study, I K was enhanced by IBMX both in shamoperated and hypertrophic rats. To determine which components of I K were enhanced by β-adrenergic stimulation, the effects of E-4031 and chromanol 293B on I K were investigated in the presence of IBMX. In sham-operated and hypertrophic rats, chromanol 293B reduced I K by 21.8% ± 0.04% and 29.1% ± 0.03% at +60 mV, respectively, and E-4031 reduced the current by 6.3% ± 0.05% and 4.4% ± 0.03%, respectively. Figure 4 shows the schema of I K (at +60 mV) before and after the exposure to IBMX. Both in sham-operated and hypertrophic rats, chromanol 293B-sensitive currents (I Ks ) and E-4031-sensitive currents (I Kr ) were slightly enhanced by IBMX, though significant differences were not observed. I sus was a major component of I K in our experimental model and was significantly increased by IBMX both in sham-operated and hypertrophic rats. Figure 5A shows the representative records of APs of the myocytes from a midmyocardial layer of hypertrophic and sham-operated rats in the presence and the absence of isoproterenol. In this study, the beat-to beat variability of APD was small enough to neglect it. The representative AP configurations were shown in Fig. 5A and the average APD in Fig. 5B . The APD, measured at 90% of repolarization (APD 90 ), was significantly longer in myocytes isolated from hypertrophic rats than in those isolated from sham-operated rats (98 ± 11 vs. 55 ± 3.9 msec, P = 0.01). The reduced I K amplitude in hypertrophic rats ( Fig. 1 ) might play a major role in this APD prolongation. In the hypertrophic rats, APD was significantly prolonged under the condition of β-adrenergic stimulation (98 ± 11 vs. 145 ± 8.6 ms, P < 0.01). In the sham-operated rats, no clear effect was seen under β-adrenergic stimulation (55 ± 3.9 vs. 61 ± 5.6 ms, n.s.).
Effects of β-adrenergic stimulation on AP in hypertrophic rats
Effects of β-adrenergic stimulation on Ltype calcium current in hypertrophic rats
To consider the mechanisms of APD prolongation in hypertrophic rats during isoproterenol perfusion (100 nM), we examined the effects of isoproterenol on I Ca . Figure 6 shows the representative currents, I-V relationships, and steady state activation curves of I Ca in hypertrophic and sham-operated rats. In contrast to I K , I Ca was enhanced by isoproterenol in hypertrophic rats (69.6% ± 9.7% at the peak current, P < 0.05) as well as sham-operated rats (77.7% ± 7.6%, P < 0.001). Both in sham-operated and hypertrophic rats, steady state activation curves were shifted to the left (V 0.5 : -13.1 to -20.7 mV, -11.1 to -17.9 mV, respectively). In hypertrophic rats, APD prolongation was seen in the presence of isoproterenol (Fig. 3) , which was explained by an enhanced inward current (I Ca ) and unchanged outward current (I K ). On the other hand, in sham-operated rats, both the inward and the outward currents were enhanced by isoproterenol, which left APD unchanged.
DISCUSSION
In this study, we showed that hypertrophic left ventricular myocytes of rat hearts diminished the response of I K to β-adrenergic stimulation. I K in hypertrophic rats was smaller than in sham-operated rats and had decreased response to β-adrenergic stimulation, which was canceled in the presence of a phosphodiesterase inhibitor, IBMX. This observation suggests an increased activity of cAMP phosphodiesterase in hypertrophic rats.
I K decreased and APD prolonged in hypertrophic hearts
In previous reports, I K was reduced and APD was increased in hypertrophic and failing hearts [4, 15, 16] . Our results were consistent with these reports. Two components of I K (I Kr , I Ks ) had been identified in many mammalian species, and they consisted of α (HERG and KCNQ1) and β (KCNE family) subunits [17, 18] . Protein levels of these subunits had been reported to be reduced in hypertrophic hearts [17, 19] . Prolonged APD had been also reported, and one of the mechanisms was explained as the downregulation of I K [15] . Excessively prolonged APD provides the basis of early afterdepolarization, which is thought to be one of the causes of ventricular arrhythmia and sudden cardiac death in hypertrophic and failing hearts [20, 21] .
I K enhancement by β-adrenergic stimulation and its cascade β-adrenergic receptor agonists activate adenylyl cyclase through the G protein-dependent pathway and increase cAMP, which leads to the phosphorylation of some kinds of channel proteins, including I K and I Ca , by the activation of cAMP-dependent protein kinase A [22, 23] . In hypertrophic hearts, a positive inotropic effect of β-adrenergic stimulation is attenuated at some levels of the β-adrenergic stimulation cascade [24] [25] [26] [27] . These include (i) the decreased number of β-adrenergic receptors, (ii) the decreased activity of adenylyl cyclase, and (iii) the increased activity of cAMP phosphodiesterase. Previous studies have shown the alteration of I Ca response to β-adrenergic stimulation in hypertrophic hearts [28, 29] ; however, little is known about that of I K . To analyze the change of intracellular mechanisms underlying the isoproterenol effect on I K , we used the following chemicals: forskolin, an adenylyl cyclase activator; IBMX, a nonselective phosphodiesterase inhibitor; 8-bromo cAMP, a membrane permeable cAMP analog not influenced by phosphodiesterase; .88 ± 0.30 pA/pF, hypertrophy: 2.14 ± 0.09 to 2.51 ± 0.14 pA/pF). I sus significantly increased after the exposure to IBMX both in sham-operated (P = 0.03) and hypertrophic rats (P = 0.04), but significant differences were not observed in chromanol 293B-and E-4031-sensitive currents. and ATPγS, a nonhydrolyzable ATP analog. In hypertrophic hearts, forskolin did not enhance I K (Fig. 3A) , indicating that a reaction of the β-adrenergic receptor to the agonist was not involved in the abnormality. In contrast, IBMX, 8-bromo cAMP, and ATPγS enhanced I K (Fig. 3 , B-D). Our observations indicate that the signal transduction of β-stimulation was disturbed at the level of phosphodiesterase in hypertrophic hearts. Because IBMX increased I K as much as that of sham-operated rats, phosphodiesterase must be active in this group, and activity is enhanced so that intracellular cAMP is more hydrolyzed to keep the concentration lower in hypertrophic hearts. There was no difference in the augmentation of I K by cyclic ATP analogue or nonhydrolyzable ATP analogue between hypertrophic and sham-operated rats. Thus the effectiveness of cAMP to increase I K was not altered in hypertrophic hearts. The maximally enhanced current did not reach the level of sham-operated hearts, which was associated with a significant reduction of the baseline current of I K in hypertrophic rats (Fig. 1 ). To date, at least 4 subtypes of phosphodiesterase are reported in cardiac tissues [30] . In our study, we could not reveal which types of phosphodiesterase activity increased in hypertrophic hearts. Further study is needed to explain this question. A hearts. The currents were activated by voltage pulses from a holding potential of -80 mV to values ranging from -40 mV to 55 mV in steps of 5 mV and estimated as the difference between the peak inward current and the steady-state current during the depolarizing pulses. Each voltage pulse was preceded by a depolarization to -40 mV for 50 ms to inactivate the sodium current. *P < 0.05, †P < 0.001 vs. control.
decreased response of I K to β-adrenergic stimulation in hypertrophic rat hearts is suggested to be caused by an increased activity of phosphodiesterase and the down-regulation of its current density.
The individual components of I K
The major components of I K , I Kr , and I Ks , had been identified and pharmacologically separated by the use of selective blockers [13, 14] . Western blotting analyses in previous reports demonstrated the expression of I Ks and I Kr channel protein (KCNQ1 and ERG1 products, respectively) in rat hearts [18] . Previous reports demonstrated that I Ks was increased by β-adrenergic stimulation. However, I Kr was not changed or negatively controlled [11, 12, 22, 23, 31, 32] . In our rat model, I Kr was relatively small compared to that of human, rabbit, or dog, and it was downregulated to the negligible level in hypertrophic rats; thus it was difficult to discuss the effects of β-adrenergic stimulation on I Kr .
We measured I K as steady-state current, as mentioned in the method section. The steady-state current contained other than I Kr , I Ks , I Cl , and I to [33] , as shown in Fig. 4 , that is, I sus . We tried to separate individual components of I K pharmacologically. Our study showed that I sus was a major component of I K in rat ventricular myocytes. The overall difference between sham-operated and hypertrophic rat hearts could be attributed to the functional changes of this current. However, the effects of β-adrenergic stimulation on I Ks and I Kr could not be evaluated because their current density was very small.
Arrhythmogenicity induced by isoproterenol
It is well known that ventricular arrhythmia is often seen in hypertrophic hearts, and one of the mechanisms is considered as an electrical remodeling, which includes a modification of ion channel functions and decreased activity of the sarcoplasmic reticulum [34] . These changes cause APD prolongation and calcium overload, which can induce triggered activity [35] .
Isoproterenol increases the calcium current, which accelerates calcium overload in hypertrophic and failing hearts. In our study, isoproterenol increased I Ca , but not I K , in hypertrophic hearts. In hypertrophic hearts, a response of I Ca to isoproterenol was unchanged [29] or decreased [28] in the previous reports. This dissociation was probably due to the differences of severity of hypertrophy. In the models of heart failure, the reaction of I Ca to isoproterenol is generally decreased [29, 36] ; thus its reaction might tend to be decreased when hypertrophy became severe and heart failure is prominent. Based on the fact that both I K and I Ca were enhanced by isoproterenol via the same β-stimulation cascade [22] , it was difficult to explain the mechanism of the results in our study regarding why only I Ca was enhanced by isoproterenol when the phosphodiesterase activity increased in hypertrophic hearts. One of the speculative reasons was the difference of protein kinase A sensitivity for cAMP between calcium and potassium channels. A second possible explanation would be the compartmentation of channel proteins and phosphodiesterases. It is reported that calcium channels are expressed mainly in the vicinity of t-tubules rather than sarcolemma [37] . KCNQ1 (I Ks ) is expressed evenly in t-tubules and sarcolemma, but ERG1 (I Kr ) is expressed more abundantly in t-tubules in rat ventricular myocytes [18] . Phosphodiesterase type III is abundant near sarcoplasmic reticulum, and phosphodiesterase type IV is located near sarcolemma [38, 39] . Although it was not clear whether I sus was a current carried by a single type of channel protein, it is possible that the link between the cAMP production site and the location of the channel of I sus is disconnected or that the cAMP site is remote from the channel of I sus compared with calcium channels.
In conclusion, isoproterenol-induced I K activation was significantly reduced in hypertrophic rat ventricles. The enhanced activity of phosphodiesterase and the down-regulation of I K density might play a key role in the altered intracellular mechanism of β-stimulation-I K interaction. I Ca activation by isoproterenol was unchanged in hypertrophic myocytes; thus APD was prolonged significantly, which might be one of the causes of ventricular arrhythmias, especially under the condition of enhanced sympathetic nerve activity.
